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ABSTRACT 

We present the discovery of XRF 050215B and its afterglow. The burst was detected by the Swift 
BAT during the check-out phase and observations with the X-ray Telescope began approximately 30 
minutes after the burst. These observations found a faint, slowly fading X-ray afterglow near the 
centre of the error box as reported by the BAT. Infrared data, obtained at UKIRT after 10 hours also 
revealed a very faint K-band afterglow. The afterglow appears unusual since it is very faint, especially 
in the infrared, with K> 20 only 9 hours post-burst. The X-ray and infrared lightcurves exhibit a 
slow, monotonic decay with a ~ 0.8 and no evidence for a steepening associated with the jet break to 
10 days post burst. We discuss possible explanations for the faintness and slow decay in the context 
of present models for the production of X-ray Flashes. 
Subject headings: gamma-rays: bursts 
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1. INTRODUCTION 

X-ray Flashes (XRFs) appear to be a subclass of 
Gamma- Ray Bursts (GRBs). They have similar dura- 
tions to the long-soft GRBs, but they have a low gamma- 
ray flux, a high ratio of X-ray to gamma-ray flux, and 
a spectral peak at a much lower energy (Kippcn et al. 
2003). First identified by the Wide Field Cameras on 
BeppoSAX (Heise et al. 2001) they have been located 
with increasing frequency by HETE-2. Followup obser- 
vations have in some cases successfully found afterglow 
emission, most commonly at X-ray wavelengths, and oc- 
casionally in the optical and nIR. Accurate positions 
have indicated that, like GRBs, XRFs are found in star- 
forming galaxies at cosmological distances (e.g. Bloom 
et al. 2003), but, based on statistics of a few, at rather 
lower median redshift than GRBs. Recently the very low- 
redshift XRF 060218, 145 Mpc distant, was shown to be 
associated with SN 2006aj (Campana et al. 2006; Pian 
et al. 2006; Modjaz et al. 2006), clearly demonstrating 
that some XRFs, as for long duration GRBs originate in 
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the core collapse of a massive star in a type Ic supernova 
(Hjorth et al. 2003; Stanek et al. 2003). Photometric 
evidence for associated supernovae has also been seen in 
a number of XRFs previously (e.g. Fynbo et al. 2004; 
Soderberg et al. 2004;2005; Bersier et al. 2006), however 
the absence of SN signatures in some cases indicate that 
the SN emission may be markedly fainter than the pro- 
totypical GRB supernova SN 1998bw (Levan et al. 2005; 
Soderberg et al. 2005). 

The existence of XRFs shows that the range of spectral 
properties associated with GRBs is very large. The peak 
of the vF v spectrum (E p ) can be seen from <5 keV to > 1 
MeV. An important question is, therefore: what physical 
processes are responsible for this range of energies? Ob- 
servations of the prompt and afterglow emission of XRFs 
can be used to probe this question and place constraints 
on the energy generation and physical structure within 
these highly energetic explosions. 

Various scenarios have been proposed to explain the 
lower peak energy of XRFs compared to GRBs; these can 
be split into several subsets of model, of which the most 
broadly discussed are: (i) GRBs at very high redshifts 
would have their spectral energy distributions (SEDs) 
shifted into the X-ray window (Hcisc et al. 2001); (ii) 
GRBs whose Lorentz factor is modified due to the ef- 
fects of baryon loading within the jet. In external shock 
models high baryon loading (the so-called dirty fireball) 
can create an XRF (Dermer et al. 1999; Ramirez-Ruiz 
& Lloyd- Roming 2002; Huang et al. 2002), while in con- 
trast for internal shock models very clean jets produce 
large X-ray fluxes (Zhang & Meszaros 2002, Barraud et 
al. 2005). (iii) GRBs with either a differing geometry or 
observer viewing angle can also naturally create XRFs, 
for example due to broader than normal jets (Huaag et 
al. 2004; Zhang et al. 2004); bursts where the line of 
sight is "off-axis" with respect to the jet orientation or 
bursts whose jet is structured, either in a simple (two 
component) manner, or with more complex variations 
with viewing angle, (iv) Finally it is possible that XRFs 
represent manifestations of differing physical processes to 
GRBs themselves, perhaps originating from a hot photo- 
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sphere (Meszaros et al. 2002). 

The discovery of a correlation between E p and the 
square root of the isotropic energy release (E iso ) (Amati 
et al. 2002) directly implies that softer bursts have lower 
energies and can be well explained by models where the 
XRF is the result of a viewing angle effect. In other 
words, XRFs are seen when a classical GRB is viewed 
off the primary collimation so the highest energy emis- 
sion is not seen (e.g. Yamazaki et al. 2002; Rhoads 2003; 
Dado et al. 2004). However, outliers to this relation can 
be found (e.g. Sazonov et al. 2004), and it remains to be 
confirmed that it is purely the result of a viewing angle 
effect. 

The Swift satellite was launched in November 2004 and 
is now delivering localizations for approximately 2 GRBs 
per week (see Gehrels et al. (2004) for a description of 
the Swift mission). The passband of the GRB detectors 
on Swift is smaller than that on HETE-2, with a low 
energy response down to 15 keV compared with 5 keV for 
HETE-2. XRF 050215B was the first XRF to be detected 
by Swift and to have moderately rapid X-ray followup 
(previous XRFs have not been observed in X-rays for at 
least several hours, and more typically days). Here we 
report the results of optical/IR and X-ray observations 
of XRF 050215 and the constraints they place on models 
for the production of XRFs. 

2. OBSERVATIONS 

XRF 050215B was detected by the Swift Burst Alert 
Telescope at 02:33:12 UT on 15th February 2005; the 
initial location was RA = 11:37:48, Dec = 40:48:18 with 
a 90% error radius of 4 arcminutcs (trigger 106106, 
Barthelmy et al. 2005a). Swift slewed to the burst 
promptly, but was unable to observe until ~ 29 min- 
utes after the trigger because it was in the high radiation 
environment of the South Atlantic Anomaly. X-ray Tele- 
scope observations revealed a faint, slowly fading point 
source, identified as the X-ray afterglow of XRF 050215B 
(Goad et al. 2005). The UV and Optical Telescope did 
not yield a detection of any source at the location of this 
X-ray object (Roming et al. 2005a, b). 

The burst was also seen by HETE-2, and an analysis 
of this data revealed a best fitting E p = 17.6 keV, with 
a 95% upper bound of E p < 30.3 keV (Nakagawa et 
al. 2005). The ratio of fluxes in the 2-30 and 30-400 
keV bands was 1.65, implying significantly more X-ray 
emission than 7-ray and indicating that 0502 15B was 
indeed an XRF. 

Initial ground-based observations failed to yield an op- 
tical counterpart. The BOOTES-2 wide field camera was 
observing the field at the time of the burst, limiting the 
unfiltcred magnitude of any flash to > 10 (Jclinck et al. 
2005). ROTSE-III observations started 100s after the 
burst, however these images failed to yield an optical 
counterpart to limiting magnitudes of R~ 17.8 — 18.8 up 
to 50 minutes after the burst (Yost et al. 2005). Ra- 
dio upper limits of 93 and 156 /xJy (3 a) at 2.9 and 12 
days after the burst were reported by Soderberg & Frail 
(2005a, b). A skymap with the location of the burst (and 
afterglow) is shown in Figure 1. 

2.1. Swift Observations 

The Swift satellite and its gamma-ray Burst Alert Tele- 
scope (BAT), X-ray Telescope (XRT) and UV/Optical 



Telescope (UVOT) are described by Gehrels et al. (2004), 
Barthelmy et al. (2004, 2005b), Burrows et al. (2004, 
2005) and Roming et al. (2004, 2005c). The Swift data 
described here has been processed with version 2.0 of 
the Swift software 12 , using the standard BAT and XRT 
pipelines. 

The BAT detected XRF 050215B below 150 keV, show- 
ing a single peaked lightcurve, (see Figure 2). The rise 
to peak lasts 2-4 s, while the decline takes 7-10 s. The 
T 50 and T90 and durations are 3.4 and 7.8 seconds, re- 
spectively. The BAT trigger time (02:33:43 UT) corre- 
sponds to the peak of the light curve. This time was 
mis-reported initially; all times from the burst stated in 
this paper use this correct trigger time. A single power- 
law spectral fit to the entire burst between 15 and 150 
keV results in a good fit (x 2 /dof = 1.0), with a photon 
power law index of 2.3±0.4. The total 15-150 keV flu- 
ence in the T90 interval is 2.33 ± 0.6 x 10 -7 erg cm" 2 
(errors are quoted as 90%). The extrapolated fluence in 
the 30-400 keV FREGATE region is 2.0 x 10~ 7 erg cm" 2 , 
in agreement with the results obtained by Nakagawa et 
a/.(2005). While XRF 050215B had a fluence somewhat 
below the Swift average, it is unusual in having a very 
soft spectrum (corresponding to a 2-30 keV to 30-400 
keV extrapolated fluence ratio of Sx/S~ f = 2.0^0 3) con- 
sistent with the X-ray flash characterisation of Nakagawa 
et <z/.(2005). 

Observations with the XRT began at 03:03:11 UT (ap- 
proximately 30 minutes after trigger), and continued for 
13.3 days; they are detailed in table 1. The first expo- 
sure was made in Windowed Timing (WT) mode while all 
later observations were in Photon Counting (PC) mode; 
a total of 128 counts were obtained from XRF 0502 15B. 
The location of the X-ray afterglow was found to be RA 
= 11:37:47.66, Dec = 40:47:46.7 , with a 90% error ra- 
dius of 4.4 arcseconds (Moretti et al. 2006). The X-ray 
lightcurve of XRF 0502 15B is shown in Figure 3 (and 
is combined with the BAT lightcurve). The WT data 
were extracted from a box 94" across (40 pixels), with 
the background measured from the same size region off- 
set from the source. For the PC mode data counts were 
extracted from a 47" (20 pixel) radius region centred on 
the source, with the background taken from a source-free 
region 9 times larger in area. All points in Figure 3 cor- 
respond to a better than 3tr detection of the source. The 
X-ray afterglow of XRF 0502 15B declines as an unbro- 
ken power law with a decay index of 0.82±0.08. With 
the modest number of XRT counts only limited spectral 
information can be derived. We fit a power law model 
to the total PC mode afterglow spectrum (which cov- 
ers 0.5-2.6 keV), finding a good fit for a photon index 
of 1.5±0.5 assuming the Galactic absorbing column of 
2 x 10 20 cm~ 2 . No excess absorption over that due to 
our Galaxy is seen; at zero redshift ANh < 3.8 x 10 21 
cm~ 2 (90%). Examination of the ratio of counts in the 
0.3-1.0 keV to 1.0-10 keV bands as a function of time 
showed no variation. Unabsorbed 0.3-10 keV fluxes at 1 
and 11 hours derived from Figure 3 and the spectral pa- 
rameters above are respectively 28 and 4.9 xlO -13 ergs 
s 1 cm . 

The Swift UVOT also observed the position of 
XRF 050215B at times coincident with the XRT obser- 

12 http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/ 
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Fig. 1.— The sky position of XRF 050215B. The left hand image shows a region of the Digital Sky Survey (DSSII-red) with the BAT 
error box marked as the large circle and the XRT position labeled within it. The right hand image shows our first UKIRT observation. 
The large circle in this image is the XRT location and 90 % confidence region. The location of the IR afterglow is also marked. 



vations using its full range of niters. No new source was 
detected, either initially or later with longer exposures. 
3 a upper limits include U > 20.2, B > 20.1, V > 19.3 at 
0.57, 0.60 , 0.48 hours, and V > 21 - 22 up to 13.3 days 
after the burst. 

2.2. Ground based observations 

IR images were obtained at UKIRT using the UFTI 
instrument (Roche et al. 2002) in the K98 filter (see Fig- 
ure 0}. Dithered observations were flat-fielded, sky- and 
dark-subtracted and combined using ORAC-DR (Ca- 
vanagh et al. 2002). IR and optical images were also 
taken at Gemini: NIRI data (Hodapp et aL1995) which 
were also processed with ORAC-DR; CMOS optical data 
(Hook et al. 2004) which were reduced via the specific 
Gemini/GMOS tasks with IRAF 13 . Additionally a 4 x 
30 minutes spectrum of the potential host was taken with 
GMOS with an R400 grating and the central wavelength 
varying between 6400 and 6550 Angstrom, from March 
11.47 to 11.56 UT. Data reduction was done in a stan- 
dard fashion using IRAF. Only a very weak continuum 
was seen, there were no obvious emission lines in the 
combined spectrum between 6000 and 8500 Angstroms. 
A complete log of observations is shown in tabled 

Our first image was obtained approximately 10 hours 
after the burst with a second epoch obtained the 
following night (~ 33 hours post-burst). Compari- 
son of these images revealed a fading point source at 
RA=11:37:47.90, Dec = 40:47:45.6, approximately 33 
arcseconds from the centre of the BAT error box and well 
within the refined XRT position given in section 2.1. 

To perform photometry of the afterglow we used an 

13 For info rmation on ORAC-DR see 

http:// www.oracdr.orel and for the Gemini IRAF tasks see 
http: / / www. gemim . edu / sciops / data /datalRAFIndex. html 



aperture equal to the FWHM of the images at each 
epoch. During our UKIRT observations photometric 
standards were also observed which allowed us to subse- 
quently calibrate the field. The photometric calibration 
of the R-band images was done using the photometry 
from the Sloan Digital Sky Survey, which covers the re- 
gion of the burst in the same filter as used for the GMOS 
observations. 

Photometry of XRF 050215B is shown in table Hand 
the K-band light curve is shown in Figure The after- 
glow was very faint, and therefore the signal to noise was 
typically low (3 — 10cx in most observations). However 
the afterglow is clearly fading. A single power-law fit to 
the K-band data yields a best fit decay slope (fitted as 
F(t) oc t~ a ) of a = 0.47 ± 0.08, unusually slow for GRB 
afterglow which fall typically with a — 1 in the first hours 
to days after the burst, and more rapidly after this. One 
possibility is that our measured fluxes do not contain 
pure afterglow but some contribution from an underly- 
ing host galaxy. In this case the true decay slope may be 
faster. We can estimate the maximum possible contribu- 
tion from an underlying host by making the assumption 
that the host galaxy contributes a flux equal to the upper 
limit of the final epoch observation (i.e. lies just below 
the detection threshold) . Given the R magnitude of the 
host (see below) and the typical R-K colours of GRB host 
galaxies (in the range 2.5 - 3, Le Floc'h et al. 2003) it 
is unlikely that the host is significantly fainter than this, 
and therefore this may provide an acceptable estimate 
of the afterglow decay. The (putative host) subtracted 
photometry is shown in red in Figure 0] This photom- 
etry, while very uncertain, is marginally consistent with 
a single power-law decay of index a = 0.82 ± 0.08; thus, 
within the uncertainty (due to the unknown host mag- 
nitude), the optical and X-ray slopes are consistent with 
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TABLE 1 

Swift XRT observations OF XRF 050215B 



Start (hours) 


End (hours) 


Exp. Fraction 


Source counts 


Background counts 


XRT mode 


0.498 


0.656 


1.0 


45 


16 


WT 


1.603 


1.699 


1.0 


11 


0.22 


PC 


3.219 


3.416 


1.0 


17 


0.56 


PC 


4.819 


5.133 


1.0 


16 


0.67 


PC 


6.419 


6.783 


1.0 


14 


0.89 


PC 


8.036 


8.399 


1.0 


13 


0.56 


PC 


47.048 


66.455 


0.081 


16 


4.6 


PC 


69.528 


93.433 


0.14 


19 


12 


PC 


95.250 


320.572 


0.0098 


28 


16 


PC 



Note. — Swift XRT observations of XRF 050215B. A final observation at 13.3 days was too short to be useful, and is not listed here. 
The start and end times are given in hours since the burst (i.e. hours after 2005-02-15 02:33:12 UT) 



being identical. 

PSF matched image subtractions of the optical obser- 
vations taken 11, 21 and 115 days after the burst reveal 
no evidence for any variation, demonstrating that the op- 
tical light from XRF 0502 15B was dominated by the host 
galaxy from 11 days onwards, and did not contain a sig- 
nificant contribution from either afterglow or associated 
supernova (the limit on any transient emission at the lo- 
cation of the afterglow is R~25.8). The magnitude of 
this host galaxy is R=24.7, comparable to the median of 
GRB host galaxies seen to date. Our final K-band point 
can also be used to place a limit on the host colour. As- 
suming it has K>22.25 this implies that R-K< 2.5. This 
is again comparable to the R-K colours of GRB hosts 
which have a mean R-K=3 (Chary et al. 2002; Le Floc'h 
et al. 2003). 

Under the assumption that a supernova was associ- 
ated with XRF 050215B, we can use the observed limits 
on the supernova emission to crudely estimate a lower 
bound to the redshift (also assuming that there is no ex- 
cess extinction along the line of sight to XRF 050215B). 
The limiting magnitude of any supernova of R=25.8 is 
comparable to the peak magnitude of a supernova such 
as SN 1998bw at z = 1. However more typical type Ic 
supernova such as those putatively associated with XRFs 
(e.g. Fynbo et al. 2004; Bersier et al. 2005) span a range 
of magnitudes from similar to SN 1998bw to a factor of 
10 fainter, these fainter supernovae would only be visible 
to moderate ~ 0.5 redshift. 

3. DISCUSSION 

Figure [3] shows the range of magnitudes seen in the 
K-band afterglow sample which has been observed to 
date (Rau et al. 2004 and references therein). In ad- 
dition to the sample determined from GRBs discovered 
before Swift (e.g. BeppoSAX, HETE-2) which are shown 
in black, the K-band points from afterglows detected by 
Swift are also shown as dark blue triangles and the high- 
est redshift bursts (GRBs 050814 and 050904) are shown 
in as green squares. The afterglow of XRF 050215B is 
shown in red and, as can be seen to be the faintest after- 
glow observed to date in the K-band (January 2006), and 
lies toward the faint end of the X-ray afterglow sample 
(e.g. Nousek et al. 2006; O'Brien et al. 2006). 

It is possible that the faintness of the optical and X- 
ray afterglow of XRF 0502 15B could be related to the 
faintness of the prompt emission component. Berger et 
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Fig. 2.— The BAT 15-350 keV light curve of the XRF 050215B. 



al. (2005) show that typically Swift bursts are fainter 
than those detected by HETE-2 and BeppoSAX at essen- 
tially all wavelengths (i.e. both in prompt emission and 
it in X-ray/Optical Afterglows). However XRF 050215B 
was also detected by HETE-2 and the fluences observed 
in the 2-30 and 30-400 keV band were 2.8 x 10~ 7 ergs 
and 1.7 x 10 -7 ergs, lying between the fluences seen 
for XRF 020903 and 030723, the XRFs which have 
the best studied optical afterglows (e.g. Sakamoto et 
al. 2005). The extrapolation of the X-ray afterglow of 
XRF 050215B out to later times, comparable to those 
of X-ray observations of previous XRF afterglows, show 
that it would achieve a 10 day flux of approximately 
1 x 10' 14 ergs s _1 cm' 2 , somewhat fainter than the 
afterglows of XRF 011030 and 020427 at these times 
(Kouveliotou et al. 2004; Levan et al. 2005); however 
it would have been slightly brighter than the afterglow 
of XRF 030723 (Butler et al. 2004). The afterglow de- 
cay is, however very shallow - slower than all but four of 
those studied by O'Brien et al. 2006, and, furthermore 
continues to have a shallow decay for ~ 10 days post 
burst. 

A dusty environment does not seem able to explain 
the faintness of this burst since it is faint at both X- 
ray and optical wavelengths. Although dust within the 
host galaxy could render the afterglow invisible at opti- 
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TABLE 2 

Ground based observations of XRF 0502 15B 



UT 


At (days) 


Instrument 


Filter/Grating 


Seeing (") 


Exptime (s) 


Magnitude 


Feb 15.519 


0.413 


UKIRT/UFTI 


K98 


0.42 


800 


20.23 ±0.11 


Feb 16.497 


1.391 


UKIRT/UFTI 


K98 


0.48 


1200 


20.75 ±0.22 


Feb 17.466 


2.360 


UKIRT/UFTI 


K98 


1.05 


3000 


21.10 ±0.31 


Mar 03.565 


16.457 


GEMINI/NIRI 


K 


0.60 


2250 


22.08 ±0.29 


May 26.381 


100.274 


GEMINI/NIRI 


K 


0.60 


2250 


> 22.25(3cr) 


Feb 26.552 


11.446 


GEMINI/GMOS 


r 


1.06 


1800 


24.71 ± 0.11 


Mar 8.394 


21.287 


GEMINI/GMOS 


r 


0.84 


1800 


24.66 ± 0.05 


June 10.287 


115.180 


GEMINI/GMOS 


r 


1.03 


1800 


24.68 ± 0.07 


Mar 11.530 




GEMINI/GMOS 


R400 




7200 





Note. — Log of photometry of XRF 050215B obtained at UKIRT and Gemini. The times given are the midpoint of the observations, 
errors quoted are la. 
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Fig. 3.— The joint BAT and XRT lightcurve of XRF 050215B. 
The XRT count-rates were converted into unabsorbed fluxes using 
the best fit model. The BAT data were extrapolated into the 0.3- 
10 keV band assuming a photon index which was the mean of the 
best-fit XRT and BAT spectral indices. The XRT data are best fit 
with an unbroken power-law with a decay index a = 0.82 ± 0.08. 
The extrapolation of the XRT observations to early times falls 
slightly below the prompt emission measured by the BAT (and the 
fitting of a single power-law to both BAT and XRT data does not 
result in a statistically acceptable fit, although given the calibration 
uncertainties it may be consistent with a single decline from 10 -3 
hours onward). However, an extrapolation of the X-ray afterglow 
below the prompt emission could easily be explained by a steep 
decay of the X-ray flux at early times which is commonly seen 
in Swift bursts (e.g. Tagliaferri et al. 2005; Nousek et al. 2006; 
O'Brien et al. 2006). 



cal wavelengths and faint in the IR it could not simul- 
taneously explain the faintness of the X-ray afterglow. 
Indeed an extrapolation of the X-ray afterglow into the 
optical/IR regime (using the method of Rol et al. 2005) 
reveals that for typical fireball parameters the observed 
K-band flux and optical limits are consistent with zero 
extinction. Unfortunately given the lack of multiband 
optical observations and the faintness of the X-ray af- 
terglow excess absorption cannot be searched for either 
from the shape of the optical SED or by a decrement of 
soft X-rays. 

An alternative model is that the burst lies at high red- 
shift. Although it is now clear that some XRFs lie at low 
redshifts (e.g. XRF 020903 at z = 0.25, Soderberg et al. 



2004), it is plausible that some fraction also originate in 
the very high redshift universe. The presence (and indeed 
brightness) of the host galaxy of XRF 050215B indicate 
that the redshift cannot be very high. However moderate 
luminosity distance (e.g. z> 2) may still be a viable ex- 
planation of the faintness of the burst, although cannot 
explain the observed slow decay rate. Indeed Swift bursts 
are apparently fainter at all wavelengths than previous 
samples (Berger et al. 2005) and are also, on average, at 
significantly higher redshifts (a mean of z — 2.8; Jakobs- 
son et al. 2006) . It is also interesting to note that the af- 
terglow of XRF 0502 15B is significantly fainter than that 
of the high redshift GRBs 050904 (z = 6.29 -Haislip et 
al. 2006; Price et al. 2005; Tagliaferri et al. 2005; Kawai 
et al. 2005) and GRB 050814 (z = 5.3 Jakobsson et al. 
2006). 

The most popular models for the production of XRFs 
is that they are: (i) GRBs viewed away from the colli- 
mation axis (e.g. Yamazaki et al. 2002), (ii) bursts with 
high baryon contamination within the jet or (iii) bursts 
with jets which are intrinsically broader than those in 
GRBs. All of these models can efficiently soften the 
prompt emission from that seen in "classical" GRBs. Al- 
though the prompt emission of bursts from these different 
mechanisms may be largely indistinguishable, it is possi- 
ble that their afterglows will show significant variation in 
their appearance (e.g. Granot et al. 2005). We consider 
these models, and how they may apply to the afterglow 
of XRF 050215B, below. 

In the off-axis model, the highest energy emission (i.e. 
7-rays) is confined within a narrow cone oriented slightly 
away from the observer and is not seen. The observed 
isotropic equivalent energy for these bursts (Ei SO ) is thus 
lower than for bursts seen on axis and can reproduce the 
observed relationship between E p and E iso first reported 
by Amati et aL(2002). Granot et aZ.(2005) consider the 
afterglows produced by such a model. The early after- 
glow of a uniform jet with sharp edges can be seen to rise 
at early times as the more energetic material becomes 
visible; it then reaches a peak at a time roughly corre- 
sponding to the jet break, and from that point, follows 
a decay which is indistinguishable from an on-axis GRB 
(since all of the ejecta are visible), thus the late time 
decay slope would be expected to be rapid ~ t~ p . The 
afterglow of XRF 0502 15B does not show the rapid rise 
at early times which may be expected of off-axis mod- 
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Fig. 4.— The K-band lightcurve of XRF 050215B obtained at 
UKIRT and Gemini. Also marked by a heavy line is the best fit 
power law decay F(t) oc t~ °- 47 l which is very slow for GRB after- 
glows across this time frame. Also shown by triangles and a thin 
line is a putative host subtracted light curve (assuming that the 
host has K=22.25. The thin line shows a (arbitrarily normalised) 
powerlaw with the same decay index as that seen in the X-ray 
lightcurve of XRF 050215B. As can be seen, within the uncertainty 
due to host subtraction it is possible that the K band decay has 
the same index as that seen in X-rays. 
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Fig. 5. — A comparison of the afterglow of XRF 050215B with 
the K-band afterglows of other GRBs (modified from that of Rau 
et al. 2004). The red circles are the afterglow of XRF 050215B, the 
blue triangles are for Swift bursts and the green boxes are for the 
high-redshift bursts. This plot shows that XRF 050215B has the 
faintest K-band afterglow yet seen. The data are taken from Rau 
et al. (and references therein) except for the more recent bursts 
which can be found in Berger et al. 2005; GRB 050401 Watson et 
al. 2005; GRB 050904 Haislip et al. 2006; Tagliaferri et al. 2005 
and GRB 050814 Jakobsson et al. 2006. 



els. However the rapid rise is a feature of jets with sharp 
edges. More realistic models which have smooth edges 
(either intrinsically or due to the interaction of the jet 
with the stellar envelope) have a flat (but not necessarily 
rising) early lightcurve. Thus the early observations of 



XRF 050215B can be explained under this model. How- 
ever, the late time slope should be steep (t~ p ) while a 
shallow slope is observed to 10 days post burst. Thus in- 
dicating that the jet must be moderately wide, although 
other GRBs (e.g. GRB 970508) have been shown to be- 
have as a single power-law out to large times (see e.g. 
Bloom, Kulkarni & Frail 2003). 

Under the dirty fireball model the XRF is produced by 
a jet which is viewed on-axis, but in which the Lorentz 
factor is reduced due to baryon loading. In this model the 
decay of the afterglow is much slower (/„ oc t~ 3 (p~ 1 )/ 4 
or /„ oc t 1 / 2 ^ 3 ^/ 4 depending of the location of the cool- 
ing break (Rhoads 2003)). Thus, for a typical p = 2 
burst the predicted decay slope would be t -0 75 , broadly 
consistent with the observed temporal slopes. However, 
dirty fireballs can only create a low peak energy if the 
prompt emission is created by external rather than in- 
ternal shocks. Recent observations favour a scenario 
in which the bursts themselves are caused by internal 
shocks (Zhang et al. 2005). Furthermore the shape of 
the lightcurve, and comparison of the XRT and BAT 
Ughtcurves place constraints. In the dirty fireball model, 
the deceleration occurs when the outflow has collected 
1 /r of rest mass; for lower values of T (i.e. XRFs) this de- 
celeration time is significantly longer (scaling as r~ 8 / 3 ). 
The XRT observations cannot be used to constrain the 
deceleration time since they begin ~ 30 minutes after the 
burst. However the shape of the BAT lightcurve implies 
that deceleration must have occurred at early times, and 
thus that the T cannot have been very low. Observations 
of future XRFs in X-rays in the seconds to minutes after 
the burst will allow stronger constraints to be made. 

Alternatively, under the internal shock model a clean 
fireball can naturally accommodate the creation of an 
XRF (Zhang & Meszaros 2002), especially if the contrast 
in Lorentz factor between shells is small, which leads to 
inefficient energy dissipation (e.g. Barraud et al. 2004). 
In this case, the decay index of a = 0.82 can also nat- 
urally be accommodated, although only if it is observed 
prior to the jet-break. 

A final possibility is that the XRF is caused by the 
opening angle of the jet itself. Broad jets in GRBs may 
be present either alone (e.g. Lamb, Donaghy & Graziani, 
2005) or as a multicomponent structure including nar- 
rower (7-ray emitting) jets (e.g. Berger et al. 2003; 
Huang et al. 2004), although such models have recently 
been shown not to fit the afterglow of GRB 030329, 
which they were posited to explain (Granot 2005). These 
broader jets have correspondingly later jet break times 
than the narrow emission responsible for the GRB, and 
would naturally explain the lack of a jet break for >10 
days after the burst. Indeed, regardless of the precise 
mechanism for the generation of this XRF, the lack of jet 
break implies that the jet opening angle must be wide, 
perhaps making a broader jet the most likely explana- 
tion. 

It is also interesting to compare the properties of both 
the prompt and X-ray emission of XRF 0502 15B with 
those of the population of bursts detected by Swift. Al- 
though the HETE-2 observations allowed for this burst 
to be classified as an XRF, the behaviour as observed by 
the BAT was not significantly different from that seen in 
many other bursts. Indeed the measured photon index of 
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2.0 is comparable to the mean of Swift bursts in general 
(e.g. O'Brien et al. 2006), although it does lie amongst 
the softer bursts detected by BATSE (as do many Swift 
GRBs). Thus, it may be that Swift, as for HETE-2 
and BeppoSAX, does detect a large population of XRFs. 
However, Swift is unable to accurately constrain their 
spectral properties due to its limited bandpass in com- 
parison to previous missions. Indeed in the case of XRF 
050406 the apparent peak energy E p < 15kcV (Romano 
et al. 2005) and thus although it was possible to iden- 
tify the burst as an XRF its peak energy and detailed 
spectral prompt spectral properties could not be accu- 
rately measured. Only XRF 050416 has a measured E p 
from Swift, with E p — 15.6 keV (Sakamoto et al. 2005). 
However, even in this case the measurement is relatively 
weak, since a simple power-law fit yields a x 2 /dof < 1. 

The afterglow of the burst is both fainter than typical 
(even for Swift bursts) and also more slowly declining, 
with no evidence for a jet break during long observa- 
tions lasting for 10 days since the burst. The afterglow 
is very faint in the K-band (fainter than the majority of 
upper limits on K-band afterglow brightness) and lies at 
the faint end of the flux distribution for long duration 
GRB detected by Swift. There are a number of compa- 
rably faint bursts e.g. GRB 050223 - Page et al. 2005; 
GRB/XRF 050406 - Romano et al. 2005; GRB 050421 
- Godet et al. 2006, GRB 050911 - Page et al. 2006. 
It is interesting to note that the proposed explanations 
for this faintness vary widely, demonstrating the large 
range of physical processes which affect the brightness of 
a given afterglow. For example GRB 050911 was inter- 
preted as being due to a BH-NS merger, since its lack 
of an X-ray afterglow was reminiscent of short duration 
GRBs (e.g. Gehrels et al. 2005), while its lightcurve 
could also be interpreted as being due to several accre- 
tion event which are seen in BH-NS mergers (Davies, 
Levan & King 2005). In contrast GRB 050421 was ex- 
plained as being due to a "naked" GRB - a burst occur- 
ring in a region of very low density, which thus affected 
the brightness of the afterglow (e.g. Taylor et al. 2000). 
For XRFs, such explanations are not normally considered 
and the most commonly discussed explanations involve 
differing geometries of either the jet itself or the observer 
orientation. For example the flat slopes of the afterglow 
lightcurves are predicted in various off-axis models. How- 
ever, for "normal" long duration bursts a generic feature 
of the afterglow light curve is a flat phase in the afterglow 
(e.g. Nousek et al. 2005). This is normally interpreted as 
being due to late time energy injection from the central 
engine, and is also interpreted as such in the afterglow 
of XRF 050406 (Romano et al. 2005), which has a very 
flat light curve out to late times a ~ 0.5. While this flat 
phase is obviously a generic feature of X-ray afterglows 
it is less apparent in the optical and IR. Thus for XRF 
050215B, where the X-ray and optical decays are similar 
it is more likely that the relatively slow decay is sim- 
ply a result of the jet structure. It is also interesting to 
note that other optical afterglows of XRFs have shown 
similar behaviour to XRF 050406 in the optical regime. 
For example XRF 020903 showed flaring behaviour and a 
flat decay in the R-band (Bersier et al. 2006), behaviour 
which has not commonly been seen in GRB afterglows 
(although the sample of XRF optical/IR afterglows re- 
mains much smaller). 



One of the most important contributions that Swift 
has made to the GRB field comes from the decrease in 
time between the burst itself and the first pointed obser- 
vations. Although in the pre- Swift era a few bursts were 
observed promptly in the optical (e.g. GRB 990123, Ak- 
erlof et al. 1999) these were rare, and prompt, pointed, 
X-ray observations were never made. It was thus hoped 
that the early afterglow emission would provide crucial 
tests of various afterglow models. In practice, the be- 
haviour seen is somewhat different from what was ex- 
pected (e.g. Tagliaferri et al. 2005; Nousek et al. 2005), 
and the presence of frequent X-ray flares (e.g. Burrows 
et al. 2005) makes the X-ray afterglows a less "clean" 
probe than may have been hoped for. Nonetheless, this 
early phase can provide powerful diagnostics of various 
models. O'Brien et al. (2006) have studied this transi- 
tion period for a number of GRBs and show that gen- 
erally the extrapolation of the X-ray afterglow to early 
times "joins" with the prompt emission and does not ex- 
hibit a strong discontinuity. This behaviour, when seen 
in XRFs, disfavours a sharp-edged jet if jet geometry is 
the dominating factor. However, for three well studied 
Swift X-ray afterglows (XRF 0502 15B, XRF 050406 and 
XRF 050416) there is apparently no jet break seen out 
to late times (> 10 days in each case). Thus, all of these 
cases must have wide opening angles. Ultimately, in- 
sight into the XRF phenomena is likely to be made via 
the subset of bursts which are detected simultaneously by 
BAT and another satellite (e.g. HETE-2, Suzaku-WAM, 
Konus) and where early X-ray and optical observations 
can be paired with well constrained spectral parameters 
for the prompt emission. 

4. CONCLUSIONS 

We have presented observations of XRF 050215B. This 
was the first X-ray Flash to be located by Swift and 
was achieved by the use of HETE-2 and Swift in syn- 
ergy, utilising the sensitivity and wide field of view of 
the Swift-BAT and the wide spectral range of HETE- 
FREGATE. The fluence within the prompt emission was 
comparable to that seen in previous XRFs, although the 
X-ray lightcurve is fainter than the majority of Swift 
bursts, while in the infrared XRF 0502 15B is the faintest 
afterglow ever to have been detected (although some 
bursts have been invisible to comparable limits) . Indeed, 
XRF 050215B had a flux at 9 hours which was only just 
observable with a 4m telescope, and at early times was 
invisible to any robotic or UVOT observations. As also 
suggested by Berger et al. (2005), this implies that locat- 
ing the afterglows of some GRBs in the Swift era will re- 
quire rapid response observations from larger telescopes 
since many bursts will be too faint to be detected by the 
UVOT or even by larger aperture robotic ground based 
telescopes. 

The limited volume of data and lack of redshift avail- 
able for this burst make it difficult to draw firm conclu- 
sions as to the cause of the soft 7-ray spectrum; however 
the lack of any observed jet-break to > 10 days post burst 
make a broad jet the most likely explanation. The late- 
time behaviour of XRF 0502 15B is qualitatively some- 
what similar to the late-time X-ray lightcurve of the re- 
cent GRB 060218, which, by virtue of its proximity (145 
Mpc) had a bright X-ray and Optical afterglow. In par- 
ticular, GRB 060218 also had a long-lasting slow decay, 



as seen in XRF 0502 15B, although the relative faintness 
of both afterglow and host galaxy, coupled with the lack 
of any supernova emission, imply a much higher redshift 
in the latter case. Furthermore GRB 060218 had an ex- 
ceptionally long duration in 7-rays (tgo ~ 2000s) , making 
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